Abstract: Cigarette smoke (CS) exposure is known to increase infection rates, but the mechanisms are not well understood. These studies tested the hypothesis that CS exposure would impair antimicrobial activity of apical conditioned media from human airway (BEAS-2B) cultures by reducing induction and release of the antimicrobial peptide CCL20. BEAS-2B cultures were exposed to CS extract and assayed for temporal and physical characteristics of release as well as for antimicrobial activity. E. coli were exposed to Beas-2B-conditioned media (BCM) and subsequent bacterial colonies were enumerated. In time course studies TLR-agonist-induced CCL20 transcription and release were rapid, of short duration and release was consistently targeted to the apical/luminal compartment. Cells treated with CS extract had diminished release of CCL20 under both constitutive and toll-like receptor (TLR) agonist stimulating conditions. Exposure of the cells to CS significantly reduced the antimicrobial activity in BCM and neutralizing antibodies to CCL20 brought antibacterial activity back to baseline levels demonstrating that antimicrobial activity in this culture system was primarily attributable to CCL20. These studies add to the understanding of CCL20 as a mucosal antimicrobial and improve insight into a likely mechanism linking infection to CS exposure.
INTRODUCTION
The observation that exposure to primary and/or second hand cigarette smoke (CS) increases susceptibility to infection is confirmed by research [1] [2] [3] . In infants, CS exposure is associated with increased incidence of severe cases of respiratory syncytial virus induced bronchiolitis with lower O 2 saturation than unexposed infants [4] . Exposure to CS has also been identified as a predicator of acute life threatening events (ALTE) in infants, a condition that may be related to sudden infant death syndrome (SIDS) [5] . Children exposed to second hand smoke are at increased risk for upper respiratory tract infections including otitis media and significant ultrastructural changes to adenoid tissues relative to non-CS exposed children [6] . Interestingly, CS exposure is associated with infections at mucosal sites throughout the body. For example, risk factors for invasive meningococcal disease (IMD) includes any exposure to CS (primary or passive) in children and young adults [7] . In women, smoking is a significant risk factor for bacterial vaginosis [8] , recurring human papillomavirus (HPV) infection [9] and for preterm labor [10] and the latter is associated with recurring urinary tract infections and bacterial vaginosis [10, 11] . Acquisition of nosocomial bacteremia, originating from catheter-associated urinary tract infections, has also been linked to cigarette use within the past five years [12] . Smokers also incur a two-to four-fold *Address correspondence to this author at the Department of Microbiology & Immunology, Dartmouth Medical School, HB 7936, 1 Medical Center Dr., Lebanon, NH 03756, USA; Tel: 603-653-9970; Fax: 603-653-9952; E-mail: mardi.crane@dartmouth.edu increased risk of invasive pneumococcal disease, increased severity and risk for influenza and an increased risk of acquiring tuberculosis [1] .
CS associated infection originates at mucosal sites where innate immunity plays a primary role in defense against microbial invasion. Primary aspects of innate immune protection against infection include physical and chemical barriers comprised of skin, mucosal epithelium, cilia and cellular secretions including mucus and antimicrobial agents [13] . The production of antimicrobial secretions including defensins, lactoferrin, secretory leukoprotease inhibitor (SLPI), lysozyme, and other defensin-like peptides, as well as a host of other proteins by mucosal epithelial cells, is stimulated through a system of pattern recognition receptors (PRR), including TLR, that monitor for, and respond to, the presence of normal flora and pathogenic microbes [14] [15] [16] [17] . It is proposed that synergistic interactions among antimicrobial peptides enhance antimicrobial properties at mucosal surfaces [16] ; these interactions are thought to be important in the complex regulation of dynamic microbial ecosystems found at mucosal surfaces.
The linkage of microbial surveillance to adaptive immune responses depends on the production and release of cytokines and chemokines [13, 18] . Our studies have focused on CCL20, a peptide with both chemotactic and antimicrobial activity. Chemokine ligand 20 (CCL20) (reviewed by Schutyser) [19] is released by epithelial cells of the digestive, airway and reproductive tracts under both constitutive and inflammatory conditions [20] [21] [22] stimulating the migration of B-cells [23] , immature dendritic cells [24] , and a subset of memory T cells [25] . Consistent with the discovery that it shares significant homology with betadefensins, CCL20 is antimicrobial against Gram negative and Gram positive bacteria as well as yeast [26] . This is due to an ability to rapidly permeabilize microbial membranes [27] . Recent studies have also demonstrated that CCL20 has antiviral properties against vaccinia virus [28] .
In addition to the association between CS exposure and infections, there are multiple reports of disregulation of CCL20 in human diseases such as chronic obstructive pulmonary disease (COPD) [29] , inflammatory bowel disease (IBD) [30] and psoriasis [31] that are also epidemiologically associated with CS exposure [32] [33] [34] . These studies led us to determine if this peptide is somehow affected by CS exposure. Here we report the investigation of the effect of CS exposure on BEAS-2B cells, a human bronchial epithelial cell line, to determine if CS exposure results in disruption of antimicrobial innate immune protection. Specifically, we tested the hypothesis that CS exposure suppresses the production and secretion of CCL20 in BEAS-2B cells and thereby results in reduced antimicrobial activity of these cells.
MATERIALS AND METHODS
Cell culture. Human bronchial epithelial cells, BEAS-2B (ATCC, Manassas, VA) were prepared in antibiotic-free DMEM/F12 supplemented with 10% FBS and L-glutamine (Mediatech/Cellgro, Manassas, VA), plated on collagencoated NUNC cell culture inserts with media in both the apical and basolateral compartments and incubated at 37º C with 5% CO2 and humidity. After 24 hours, media were removed from the apical chambers. Cells were then grown at the air-surface interface with 500 L antibiotic-free medium only in the basolateral compartment until time of treatment. Medium was changed at 24 to 48 hour intervals.
Cigarette Smoke Extract (CSE). CSE was prepared using a modified method of Carp and Janoff [35] specifically by passing the smoke from nine puffs from one cigarette through 100 mL of PBS and by allowing suspended smoke in the flask to settle for 15 minutes prior to filtration through a 0.2 micron filter and stored at 4ºC. Control filtered PBS was prepared in the same manner as CSE except using a clean aspiration system and no cigarette. CSE was prepared fresh for each experiment from commercially available unfiltered cigarettes. 3) using conditioned media, the media were collected from each compartment following a 24-hour incubation, centrifuged at 10,000 g for 10 minutes and transferred to clean tubes. In some experiments collected media were frozen at -20ºC prior to analysis.
RNA harvest and semi-quantitative PCR. RNA was harvested from 4 transwells using RNeasy (Qiagen, Valencia, CA) protocol as directed by the manufacturer. cDNAs were made from up to 2 g total RNA, random hexamers and MLV-reverse transcriptase (Invitrogen, Carlsbad, CA). The cDNAs were subject to semiquantitative PCR with the following human primers: CCL20 forward GCA AGC AAC TTT GAC TGC TG and reverse ATT TGC GCA CAC AGA CAA CT; SLPI forward CCT GCC TTC ACC ATG AAG TCC AGC GGC and reverse CAT TTG ATG CCA CAA GTG TCA; Beta Defensin 2 forward CCT GAT GCC TCT TCC AGG TG and reverse GAG GGA GCC CTT TCT GAA TC; and GAPDH forward GGA CCT GAC CTG CCG TCT A and reverse TGC TGT AGC CAA ATT CGT TG. The PCR cycles were, for CCL20 and SLPI, 95 ºC for 2 min, and 23 cycles of 94 ºC, 60 ºC, 72 ºC 30 seconds each, followed by a 5 min 72 ºC extension. Exceptions were, GAPDH was run for 19 cycles and for HBD2, the anneal temperature was 55 ºC. In all cases the products were radio labeled in the final cycle by including 1
Ci 32P-dCTP. The products were separated on a 5% polyacrylamide gel and quantitated on a Molecular Dynamic PhosphoImager.
ELISA for human CCL20. Collections of media from treated BEAS-2B cells were analyzed for human CCL20 with a commercially available ELISA kit (R&D Systems, Minneapolis, MN) in 96-well Maxi-Sorp ELISA plates (NUNC, Rochester, NY) as previously described [36] .
Bacterial survival assays.
A sterile loop-full of laboratory strain of E. coli (DH5 ) was grown at 37 ºC in a shaking incubator overnight in 10 mL of antibiotic-free Luria Broth (LB). Following overnight incubation, the bacteria were resuspended in sterile water and serial dilutions were made. OD analysis was used to confirm initial bacterial counts and all final counts reported are the result of a minimum of triplicate plate counts for each treatment group. Using methods modified from Fahey and Wira (where a water wash of the apical surface of epithelial cells was collected) [37] , conditioned media were collected from the apical surface of treated BEAS-2B cultures. A 100 L aliquot of bacterial suspension was mixed in microfuge tubes with an equal volume of the apical conditioned media or with controls as described. The mixture was then incubated for 30 minutes at room temperature (RT). After incubation, the mixtures were plated in triplicate on antibiotic-free LB agar plates and incubated for 18-hour at 37ºC, after which colony-forming units (CFU) were counted.
Neutralization of antibacterial activity with antibody to hCCL20. Incubations of rabbit polyclonal anti-hCCL20 (Abcam Inc., Cambridge, MA) or normal rabbit IgG isotype control (R&D Systems) with either apical media collections from TS-and LTA-treated cells or recombinant hCCL20 (R&D Systems) were conducted for 60 minutes at RT. 5 L of 1.0 mg/mL anti-hCCL20, 45 L of sterile water, and 50 L of media collected from treated cells or recombinant hCCL20 were incubated for 60 minutes at RT; 50 L of 1 mg/mL normal rabbit IgG isotype control and 50 L of collected media or r-hCCL20 were incubated for the same duration under the same conditions. These respective mixtures were then incubated with 100 L suspensions of E. coli and bacterial survival assays were conducted as described earlier.
Statistical analyses. ANOVA analyses using a Tukey post test were performed using In-Stat software. All error bars shown represent standard deviation. 
RESULTS

CCL20 Expression Peaks Rapidly Following LTA Stimulation with Release Directed Predominantly to the Apical/Luminal Compartment
Here, we investigated CCL20 patterns of expression and release in BEAS-2B, a human bronchial epithelial cell line. Time course studies of the expression and release of CCL20 in BEAS-2B in response to LTA stimulation demonstrate a rapid increase in both gene expression and protein release. As seen in Fig. (1A) , following treatment of BEAS-2B cells with LTA, expression peaks approximately two hours after stimulation with subsequent increasing protein release through a four hour time point (Fig. 1B) . CCL20 expression and release is upregulated in response to the TLR ligand LTA (Fig. 1C) . Irrespective of whether the cell cultures are exposed to LTA treatment in the apical or basolateral compartment, CCL20 is released preferentially to the apical/luminal compartment (Fig. 1C) . Studies using ultra pure LPS that were similar in design to those shown where LTA was used as a TLR agonist, were also conducted (not shown). The overall pattern of response was similar to the pattern of response seen in our LTA studies. However, as seen in Fig. (1D) , ultra pure LPS stimulation elicited a less robust response.
CS exposure suppresses expression and release of CCL20. Polarized BEAS-2B cells, grown on cell culture inserts, constitutively express ( Fig. 2A, B ) and release CCL20 (Fig. 1C, 2C) . To test the effect of cigarette smoke exposure in vitro, polarized BEAS-2B cells were exposed to cigarette smoke extract (CSE). CSE was prepared using a modified method of Carp and Janoff (see methods) [35] . When bronchial epithelial cells were pretreated with CSE, rinsed twice with PBS and then challenged apically with LTA, both CCL20 mRNA expression (2A and 2B) and the release of CCL20 protein (2C) were significantly decreased compared to PBS and LTA treated controls. We used treatment conditions (see methods) developed to maintain cell viability and metabolism as is evident by expression of GAPDH ( Fig. 2A) in CSE treated cultures. In serial dilution studies of the effect of CSE on BEAS-2B cell culture response to LTA stimulation, the levels of CCL20 suppression was dose dependent (Fig. 2D) .
Expression of two other antimicrobial peptides, SLPI and beta-defensin 2 (hBD2) were assessed ( Fig. 2A) . SLPI was previously reported to be produced by BEAS-2B cells [38] and low levels of expression were detected, but no evidence of hBD2 expression was found. Change in SLPI expression from CSE exposure did not reach a significant level in these cell cultures.
Cigarette smoke exposure attenuates antimicrobial activity of apical secretions of BEAS-2B cells. Antimicrobial activity of apical secretions of LTA stimulated BEAS-2B cells was consistent and statistically significant (Fig. 3A) . In support of our hypothesis, when BEAS-2B cells were treated with CSE, little to no detectable antimicrobial activity was seen in the apical secretions (Fig. 3A) . The antimicrobial activity of recombinant human CCL20 is demonstrated in Fig. (3B) . The range of CCL20 tested extends beyond the range of average levels measured in bronchial lavage fluid in normal subjects (10.4 pg/mL) and in patients with cystic fibrosis patients (907 pg/mL) [27] .
When apical media from BEAS-2B cell cultures were treated with neutralizing antibodies, antimicrobial activity was abolished demonstrating a prominent antimicrobial role for CCL20 in this system (Fig. 3C) . The effect of the anti-CCL20 on antimicrobial activity is similar to treatment of the cells with CSE. Both treatments virtually eliminate the bactericidal activity.
DISCUSSION
The release of antimicrobial secretions by mucosal epithelial cells is likely a crucial aspect of maintaining a balance between mammals and their endemic flora [39] . Rapid PRR-medicated activation of antimicrobial secretions in response to imbalances in flora is also necessary to defend against infection [40, 41] . The observation that CS exposure increases the susceptibility to infection led us to test if CS exposure would suppress generation of antimicrobial activity in general from airway epithelial cells as well as to impact CCL20 specifically. These studies support the hypothesis that one mechanism whereby CS exposure may cause increased susceptibility to infection is through reduced release of antimicrobial peptides.
The time course of CCL20 release has important functional implications. In the system used here, the time course of induction of CCL20 by TLR agonists is both rapid and transient and this correlates with our previous studies on CCL20 release from rat uterine epithelial cells [42] . Rapid induction is likely important for both its role as a direct antimicrobial and for its role as a chemokine. In contrast, sustained high levels of CCL20 could be deleterious, possibly generating conditions that favor autoimmunity or hypersensitivity or by upsetting the normal balance of microbial flora found on mucosal surfaces.
Depending on conditions, the dominant release of CCL20 can occur either apically or basolaterally and, like the time course of release, this balance is likely to affect the impact CCL20 has as a direct antimicrobial versus that of a chemokine. Apical release suggests a potentially high impact role in killing or attenuating microbes at the mucosal interface. Interestingly, apical release of CCL20 in response to a TLR agonist is not universal. For example in response to the TLR7 and TLR9 agonists, loxoribin and bacterial DNA CpG motif respectively, we have previously shown that CCL20 is released preferentially to the basolateral compartment by mouse uterine epithelial cells [43] . It has also been demonstrated that basolateral treatment of human airway epithelial cells with IL-17 results in a significant shift with primarily basolateral release of CCL20 [44] . Together these observations suggest that CCL20 is a precisely regulated antimicrobial and chemotactic peptide. It is likely that this regulation is important in the overall immune effects of CCL20.
Our results appear to contrast with data from a recent chronic obstructive pulmonary disease (COPD) model study showing that protein levels of CCL20 were increased in bronchoalveolar lavage obtained from CS exposed mice (Bracke, et al. 2006) [29] . While the difference could be species associated, it is more likely that it reflects differences seen when stimulating a pure epithelial cell culture in vitro as opposed to the more complex in vivo environment. The increased levels of CCL20 reported in Bracke, et al. 2006 could originate from leukocytes secretions induced due to inflammation caused by CS or by low levels of infection. Results suggesting that CCL20 expression and release were abnormal under CS exposure conditions are important to both the Bracke study and to the research reported here. The findings suggest that more work is needed to better understand the complex effects of CS on the development of precursor conditions that lead to lethal pathologies. Fig. (2) . Cigarette smoke extract suppresses CCL20 expression and release. (A) Phosphoimage of radiolabeled RT-PCR showing expression of CCL20, SLPI, hBD2 and GAPDH, two hours after LTA or carrier treatment. Specific conditions for each column are as follows: "N" is no reverse transcriptase; "C" is constitutive (non-stimulated) expression; "L" is LTA-stimulated; "S" is smoke-exposed, non-stimulated; "SL" is smoke-exposed, LTA-stimulated; and "P" is positive control RNA from uterine tissue. Interestingly, using doses that spanned beyond the known range of human airway CCL20 release (10.4 pg/mL in normal subjects to 907 pg/mL in patients with cystic fibrosis) [27] , bacterial growth was consistently suppressed but not eliminated in the laboratory strain of E. coli used in our studies. While in medicine the goal of antimicrobial treatment is frequently the elimination of an offending microbe, here a consistent but more subtle effect is demonstrated. This occurs in the context of CCL20's chemotactic activity for cells carrying the CCR6 receptor [19] . This chemotactic activity attracts effector/memory B cells and T cells as well as immature dendritic cells to the site of CCL20 release. The presence of these cells is crucial to conditions that allow for initiation of a response by the adaptive immune system. While the direct antimicrobial activity of CCL20 is broad, and includes Gram positive and Gram negative bacteria, yeast [27] and some viruses [28] , it seems likely that the broad antimicrobial and chemotactic activity act in concert under normal conditions to respond to the ever changing environment at the mucosa. 
CONCLUSION
This report expands the understanding of CCL20 regulation and establishes an impact of CS on aberrant production of CCL20 and its activity as an antimicrobial peptide. If the hypothesis proposed here is correct, a suppression of CCL20 and its antimicrobial activity in CS exposed individuals may enhance susceptibility to infections. CS is a complex mixture and has many biological activities. While suppression of CCL20 production by CS provides insight into one specific mechanism whereby CS exposure may diminish antimicrobial protection, additional studies are needed to better understand the effects of this and other environmental pollutants on functions of the innate immune system. 
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